
Infla%on:	
  
A	
  Window	
  to	
  Ultra-­‐high	
  Energy	
  Physics	
  

Adrian	
  T.	
  Lee	
  
Berkeley/LBNL	
  

	
  



2	
  

z=1030	
  
	
  

	
  

z=0	
  

Inflation 
GUT Epoch? 
~10-36 s 

z=1110	
  

2 



Infla%on	
  Science	
  
•  Our	
  ques%on:	
  How	
  did	
  the	
  universe	
  begin?	
  

– What	
  is	
  the	
  origin	
  of	
  structure	
  in	
  the	
  universe?	
  

•  Present:	
  Much	
  data	
  support	
  Infla%on	
  
•  Future:	
  CMB	
  has	
  poten%al	
  to	
  see	
  a	
  direct	
  
signature	
  of	
  Infla%on	
  



If	
  we	
  make	
  a	
  detec%on	
  

•  Prove	
  that	
  infla%on	
  occurred	
  
– Measure	
  Energy	
  Scale	
  

•  Test	
  Infla%on	
  models	
  including	
  string-­‐mo%vated	
  
•  Opens	
  a	
  new	
  window	
  on	
  Ultra-­‐High	
  Energy	
  
physics	
  
– QM	
  fluctua%ons	
  of	
  the	
  gravita%onal	
  field	
  
– First	
  experimental	
  clue	
  to	
  quantum	
  gravity	
  
– Large	
  poten%al	
  for	
  discovery	
  



Early	
  Universe	
  =	
  High	
  Energy	
  Laboratory	
  

Infla%on	
  



CMB	
  Measurements	
  

E-mode B-mode 



Tensor	
  to	
  Scalar	
  Ra%o	
  vs.	
  Scalar	
  Index	
  

Figure 3: Constraints on single-field slow-roll models in the ns-r plane. The value of ns

measures the scale-dependence of the scalar spectrum, while r characterizes the

amplitude of the tensor signal (and hence the energy scale of inflation). The

value of r furthermore determines whether the models involve large or small field

variations during inflation. Shown are the 5-year WMAP constraints on ns and

r (area above the curves ruled out at 68 and 95% confidence level) as well as the

predictions of a few representative models of single-field slow-roll inflation (colored

lines; dots correspond to a power law potential φpfor the field driving inflation

with p = 4, 3, 2, 1, 2

3
). Generally, models in which this field changes considerably

in Planck units during inflation predict values of r greater than 0.01. Realistic

forecasts for CMBPol specifications show that gravitational waves can be detected

at ∼ 3σ for r > 0.01 [1]. This shows that CMBPol is a powerful instrument to test

this crucial regime of the inflationary parameter space.

gravitational waves predicted by many inflationary models, CMBPol must demonstrate a

capacity to clean foreground contamination. Using state-of-the-art models for polarized fore-

grounds and modern methods of analysis, we demonstrate that CMBPol will be able to extract

even a small gravitational wave signal at the 1% level (r = 0.01).

• CMBPol will improve our knowledge of the magnetized Galactic interstellar medium, as well as

of the properties of interstellar dust in our galaxy [4]. In particular, high sensitivity channels

at low CMB frequencies will probe the sky-projected component of the Galactic magnetic

field at intermediate and high Galactic latitudes over the whole sky for the first time. These

observations will provide information on the regular, turbulent and halo components of the

field. In addition, data provided by CMBPol’s high frequency channels will be used to constrain

models of interstellar dust, and observations in many patches of the sky at high Galactic

latitudes will shed new light on the composition and alignment mechanism(s) of interstellar

dust grains. Finally, our understanding of extra-Galactic source counts and spectral energy

distributions will be tested as we attempt to eliminate their contribution to CMB lensing
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Large	
  vs.	
  Small	
  Field	
  Infla%on	
  

•  Zoo	
  of	
  Infla%on	
  models	
  fall	
  in	
  two	
  classes	
  
– Large	
  Field	
  -­‐-­‐	
  Δφ	
  >	
  mpl	
  

•  Examples:	
  Chao%c,	
  Hilltop,	
  Axion…	
  
– Small	
  Field	
  -­‐-­‐	
  Δφ	
  <	
  mpl	
  

•  Example:	
  Coleman-­‐Weinberg	
  

•  Simplest	
  power	
  law	
  models	
  predict	
  large	
  field	
  
•  Un%l	
  recently	
  string-­‐mo%va%on	
  à	
  small	
  field	
  

– Now:	
  Large	
  field	
  that	
  obey	
  shi_-­‐symmetry	
  (Axion	
  
Infla%on)	
  

	
  



Cosmic	
  Microwave	
  Background	
  2013	
  

Fit	
  is	
  to	
  Vanilla	
  6-­‐parameter	
  ΛCMB	
  Model	
  

Infla%on	
  Consistency:	
  Geometrical	
  flat	
  universe;	
  Superhorizon	
  features;	
  
acous%c	
  peaks/adiaba%c	
  fluctua%ons;	
  departure	
  from	
  scale	
  invariance.	
  



Planck	
  Infla%on	
  Constraints	
  

ns	
  =	
  1	
  excluded	
  at	
  >	
  5	
  σ	





Current	
  Work	
  
Stage	
  II	
  Experiments	
  



Experimental	
  Evolu%on	
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Space based experiments
Stage−I − ≈ 100 detectors
Stage−II − ≈ 1,000 detectors
Stage−III − ≈ 10,000 detectors
Stage−IV − ≈ 100,000 detectors



CMB	
  Measurements	
  

E-mode B-mode 



B-­‐mode	
  measurements	
  
8

found. These results allow us to constrain any con-
tribution from synchrotron emission at 95GHz by ex-
trapolation. Adopting a spectral index of βs = −2.7
(Dunkley et al. 2009), we estimate the EE (BB) excess
power to be 0.011 ± 0.003µK2 (0.001 ± 0.002µK2) for
the first bin of the CMB-1 spectrum, which is negligible
compared to statistical errors.
In order to constrain contamination from dust emis-

sion, we adopt the thermal-dust component of the PSM
as a template; the PSM predicts that other sources of
contamination are subdominant at 95GHz in the QUIET
fields. We estimate the dust power contribution in our
fields by evaluating both the PSM power spectrum and
the PSM-QUIET cross-spectrum using the PCL pipeline.
The possible contamination is only relevant in the first
bin (25 ≤ " ≤ 75) of the field CMB-1. In this bin, the
PSM power amplitude is 0.087µK2 (0.070µK2) for the
EE (BB) spectrum, while the corresponding cross power
is 0.060 ± 0.035µK2 (0.016 ± 0.027µK2). Taking into
account the relative weights of the individual fields, we
therefore estimate that the dust-emission contribution to
the first EE bin in the final co-added spectrum (Table
3) is < 0.04µK2, more than a factor two smaller than
the statistical uncertainty. All other spectra and mul-
tipole ranges have negligible contributions. Fitting the
PSM model as a template to CMB-1 in the map do-
main using the ML pipeline, we find a best-fit amplitude
of A = 0.62 ± 0.21. This corresponds to a 3 σ corre-
lation with the thermal-dust PSM component, which at
the same time agrees with the PSM prediction (A = 1) at
1.8 σ. Consistent results are obtained by taking the ratio
of the cross-power to the PSM power including the full
multipole range, with an amplitude of A = 0.66 ± 0.25.
The three other fields all have best-fit amplitudes consis-
tent with zero. We note as a caveat that the uncertainty
in the PSM itself is not taken into account in this analy-
sis, and the results depend critically on this model as the
detected foreground levels are well below the statistical
errors of the measured power spectra themselves.

8. CONCLUSIONS

We have presented the CMB polarization power spec-
tra from the 95-GHz QUIET observations. The EE spec-
trum has been measured between " = 25 and 975, and
the first three acoustic peaks were seen with high signal-
to-noise ratio, consistent with ΛCDM predictions. The
BB spectrum was found to be consistent with zero, with
a 95% C.L. upper limit on the tensor-to-scalar ratio of
r < 2.7 (PCL) or 2.8 (ML), depending on pipeline. In
Figure 6, we provide an up-to-date overview of the cur-
rent state of the CMB polarization field, comparing the
results from various experiments32. In one of the fields,
we found a correlation with the dust component of the
Planck Sky Model. The excess power due to this com-
ponent was still small compared to the statistical errors
of the power spectra. Finally, we have demonstrated the
lowest level of instrumental systematic errors to date. We
conclude by noting that part of the role of this experi-

32 For the EE spectrum of QUIET, we show the mean of the
spectrum from the two pipelines (after scaling to q = 1) as a suc-
cinct visualization. For BB, the results from the two individual
pipelines are indicated by the vertical extent of the QUIET-W
points.
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Fig. 6.— Summary of published CMB polarization EE
power spectrum (top) and 95% C.L. upper limits on BB
power (bottom) measured by different experiments (Leitch et al.
2005; Montroy et al. 2006; Sievers et al. 2007; Wu et al. 2007;
Bischoff et al. 2008; Brown et al. 2009; Chiang et al. 2010;
Larson et al. 2011; QUIET2011) as well as the result reported in
this paper (QUIET-W). The QUIET-W points, spanning the first
three acoustic peaks in the EE power spectrum, bridge the large
(! ! 200) and small (! " 400) angular-scale measurements made
by previous experiments. For visualization purposes, the mean of
two pipeline spectra (scaled to q = 1) is shown for QUIET-W for
EE. For BB, the results from the two individual pipelines are in-
dicated by the vertical extent of the QUIET-W points. The solid
line in the upper panel shows the ΛCDM EE spectrum; the dashed
and dotted lines in the bottom panel show the BB spectrum from
gravitational waves (for r = 0.1) and lensing, respectively.

ment was to serve as a pathfinder to demonstrate that
MMIC arrays were capable of reaching r ! 0.01; this has
been successfully achieved.
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puting Center, which is supported by the Office of Sci-
ence of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231. Portions of this work were
performed at the Jet Propulsion Laboratory (JPL) and
California Institute of Technology, operating under a
contract with the National Aeronautics and Space Ad-
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  Error	
  Requirements	
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  from	
  BICEP)	
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Lensing	
  Measurements/Delensing	
  
•  SPTPOL:	
  Lensing	
  B-­‐modes	
  detected	
  in	
  
correla%on	
  with	
  LSS	
  Paves	
  way	
  for	
  lensing	
  
measure	
  and	
  delensing	
   4

FIG. 2: (Black, center bars): Cross-correlation of the lens-
ing B modes measured by SPTpol at 150GHz with lensing B
modes inferred from CIB fluctuations measured by Herschel
and E modes measured by SPTpol at 150GHz; as shown in
Fig. 1. (Green, left-o↵set bars): Same as black, but using E
modes measured at 95GHz, testing both foreground contam-
ination and instrumental systematics. (Orange, right-o↵set
bars): Same as black, but with B modes obtained using the
�B procedure described in the text rather than our fiducial
Wiener filter. (Gray bars): Curl-mode null test as described
in the text. (Dashed black curve): Lensing B-mode power
spectrum in the fiducial cosmological model.

We determine the uncertainty and normalization of the
cross-spectrum estimate using an ensemble of simulated,
lensed CMB+noise maps and simulated Herschel maps.
We obtain comparable uncertainties if we replace any of
the three fields involved in this procedure with observed
data rather than a simulation, and the normalization we
determine for each bin is within 15% of an analytical
prediction based on approximating the Wiener filtering
procedure as diagonal in Fourier space.

In addition to the cross-correlation E�⇥B, it is also
interesting to take a “lensing perspective” and rear-
range the fields to measure the correlation EB⇥�. In
this approach, we perform a quadratic “EB” lens re-
construction [13] to estimate the lensing potential �̂

EB

,
which we then cross-correlate with CIB fluctuations. The
observed cross-spectrum can be compared to previous
temperature-based lens reconstruction results [22, 26].
This cross-correlation is plotted in Fig. 3. Again, the
shape of the cross-correlation which we observe is in good
agreement with the fiducial model, with a �2

/dof of 2.2/4
and a PTE of 70%.

Both the E�⇥B and EB⇥� cross-spectra discussed
above are probing the three-point correlation function
(or bispectrum) between E, B, and � that is induced by
lensing. We assess the overall significance of the measure-
ment by constructing a minimum-variance estimator for
the amplitude Â of this bispectrum, normalized to have

FIG. 3: “Lensing view” of the EB� correlation plotted in
Fig. 2, in which we cross-correlate an EB lens reconstruc-
tion from SPTpol data with CIB intensity fluctuations mea-
sured by Herschel. Left green, center black, and right or-
ange bars are as described in Fig. 2. Previous analyses using
temperature-based lens reconstruction from Planck [26] and
SPT-SZ [22] are shown with boxes. The results of [26] are at
a nominal wavelength of 550µm, which we scale to 500µm
with a factor of 1.22 [37]. The dashed black curve gives our
fiducial model for CCIB-�

l as described in the text.

a value of unity for the fiducial cosmology+CIB model
(analogous to the analyses of [38, 39] for the TT� bis-
pectrum). This estimator can be written as a weighted
sum over either of the two cross-spectra already dis-
cussed. Use of Â removes an arbitrary choice between
the “lensing” or “B-mode” perspectives, as both are sim-
ply collapsed faces of the EB� bispectrum. Relative to
our fiducial model, we measure a bispectrum amplitude
Â = 1.092± 0.141, non-zero at approximately 7.7�.
We have tested that this result is insensitive to analy-

sis choices. Replacement of the B modes obtained using
the baseline Wiener filter with those determined using
the �

B

estimator causes a shift of 0.2�. Our standard
B-mode estimate incorporates a mask to exclude bright
point sources, while the �

B

estimate does not. The good
agreement between them indicates the insensitivity of po-
larization lensing measurements to point-source contam-
ination. If we change the scan direction cut from l

x

<400
to 200 or 600, the measured amplitude shifts are less
than 1.2�, consistent with the root-mean-squared (RMS)
shifts seen in simulations. If we repeat the analysis with-
out correcting for I ! Q,U leakage, the measured ampli-
tude shifts by less than 0.1�. A similar shift is found if
we rotate the map polarization vectors by one degree to
mimic an error in the average PSB angle.

We have produced estimates of B̂

lens using alterna-
tive estimators of E. When we replace the E modes
measured at 150GHz with those measured at 95GHz,
we measure an amplitude Â = 1.225± 0.164, indicating

Hanson	
  et	
  al.	
  2013	
  



Stage	
  IV	
  CMB	
  Experiment	
  
CMB-­‐S4	
  



The	
  Stage-­‐IV	
  experiment:	
  CMB-­‐S4	
  
•  Builds	
  on	
  extensive	
  experience	
  from	
  earlier	
  
genera%on	
  experience	
  
–  Technology	
  
–  Systema%c	
  Error	
  Control	
  

•  Two	
  surveys	
  	
  
–  Infla%on	
  Scan	
  (few	
  %	
  of	
  the	
  sky)	
  
– Neutrino	
  mass	
  Scan	
  (50%	
  of	
  the	
  sky)	
  

•  Experiment	
  configura%on	
  
–  500,000	
  detectors	
  
–  	
  3’	
  or	
  beker	
  resolu%on	
  for	
  lensing	
  



Foregrounds	
  on	
  small	
  sky	
  area	
  

Figure 10: Predicted diffuse foreground power at angular scales ! = 80 − 120, as a function of

frequency and sky coverage, compared to a CMB signal with r = 0.01. From top to bottom are the

TT, EE and BB power spectra in antenna temperature. The CMB is constant in thermodynamic

temperature and thus decreases with frequency in these units. Left: Total power for different sky

coverage: full-sky, |b| > 10◦, |b| > 30◦, |b| > 50◦, and a clean circular patch of radius 10◦ centered on

(l, b) = (240◦,−70◦). Right: Ratio of the total diffuse foreground power to the CMB. The maximum

ratio occurs at ∼ 100 GHz and moves to higher frequency for cleaner patches of sky.

19

19	
  

Dunkley	
  et	
  al.	
  (2008)	
  	
  CMB	
  here	
  =>	
  r	
  =	
  0.01	
  	
  (80	
  <	
  ell	
  <	
  120)	
  

Full	
  Sky	
  

10˚	
  x	
  10˚	
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Space based experiments
Stage−I − ≈ 100 detectors
Stage−II − ≈ 1,000 detectors
Stage−III − ≈ 10,000 detectors
Stage−IV − ≈ 100,000 detectors
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Space based experiments
Stage−I − ≈ 100 detectors
Stage−II − ≈ 1,000 detectors
Stage−III − ≈ 10,000 detectors
Stage−IV − ≈ 100,000 detectors

APEX-­‐SZ	
  
330	
  detectors	
  

SPT-­‐SZ	
  
960	
  detectors	
  

POLARBEAR-­‐1	
  
1274	
  detectors	
  
Dual-­‐Polariza%on	
  

POLARBEAR-­‐2/SPT-­‐3G	
  
8,000/15,000	
  detectors	
  

Dual-­‐Polariza%on	
  
2/3	
  Color/pixel	
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Space based experiments
Stage−I − ≈ 100 detectors
Stage−II − ≈ 1,000 detectors
Stage−III − ≈ 10,000 detectors
Stage−IV − ≈ 100,000 detectors
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CMB-­‐S4	
  Sensi%vity	
  



Role	
  of	
  Na%onal	
  labs	
  
•  CMB-­‐S4	
  requirements	
  exceed	
  capabili%es	
  of	
  
University-­‐based	
  experiments	
  
– Focal-­‐plane	
  Arrays	
  and	
  Readout	
  

•  Improved	
  Produc%on	
  Reliability	
  	
  
•  Increased	
  Produc%on	
  Volume	
  and	
  Throughput	
  	
  

–  500,000	
  detectors	
  ~	
  300	
  silicon	
  arrays	
  
•  Mul%plexed	
  TES	
  Readout	
  	
  
•  Large	
  Cryogenic	
  Op%cs	
  	
  

– Compu%ng	
  Infrastructure	
  and	
  Analysis	
  tools	
  	
  
•  ~10,000	
  x	
  planck	
  data	
  size	
  (~	
  3	
  TB/day)	
  

– Project	
  Organiza%on/Management	
  
	
  



Conclusions	
  
•  Detec%on	
  of	
  Infla%onary	
  gravita%onal	
  waves	
  
would	
  be	
  a	
  profound	
  discovery.	
  
– Proves	
  Infla%on	
  Occurred	
  
– Opens	
  a	
  new	
  window	
  on	
  Planck-­‐scale	
  Physics	
  

•  Present:	
  Stage	
  II	
  à	
  Stage	
  III	
  
– Control	
  systema%c	
  errors	
  
– Develop	
  technology	
  

•  A	
  new	
  scale	
  of	
  experiment	
  is	
  required	
  
è	
  Stage	
  IV	
  CMB	
  –	
  CMB-­‐S4	
  
– HEP	
  mul%lab	
  scale	
  project	
  



EXTRA	
  


